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DAA

:   direct acting antiviral

EC50

:   half‐maximal effective concentration

HCV

:   hepatitis C virus

IFN

:   interferon

PCR

:   polymerase chain reaction

PrOD

:   paritaprevir/ritonavir/ombitasvir + dasabuvir

RAS

:   resistance‐associated substitution

Hepatitis C virus (HCV) is a leading cause of cirrhosis and hepatocellular carcinoma, with over 70 million people chronically infected.^(^ [^1^](#hep41496-bib-0001){ref-type="ref"} ^)^ The advent of potent and well‐tolerated oral direct acting antivirals (DAAs) has revolutionized treatment, providing cure rates of over 95% following 8‐24 weeks of therapy, with minimal adverse effects.^(^ [^2^](#hep41496-bib-0002){ref-type="ref"} ^)^ DAAs are grouped into the NS3/4A protease inhibitors, NS5A inhibitors, and NS5B polymerase inhibitors. Most modern HCV treatment regimens combine an NS5A inhibitor with one or two drugs from other classes.

Global elimination of HCV is now achievable, and the World Health Organization has set targets of an 80% reduction in HCV incidence and a 65% reduction in HCV‐related deaths by 2030.^(^ [^3^](#hep41496-bib-0003){ref-type="ref"} ^)^ One potential barrier to elimination is the emergence of antiviral resistance (particularly among people who fail therapy) with transmission of drug‐resistant viruses. Resistance‐associated substitutions (RASs) occur in all regions of the virus genome targeted by current DAAs. Although the prevalence of RASs is relatively low among persons who are treatment naive,^(^ [^4^](#hep41496-bib-0004){ref-type="ref"} ^)^ the majority who fail DAA therapy develop resistant viruses in clinical trials.^(^ [^5^](#hep41496-bib-0005){ref-type="ref"}, [^6^](#hep41496-bib-0006){ref-type="ref"} ^)^ NS5A RASs are the most clinically relevant as they have been shown to reduce cure rates, particularly among difficult to treat patients, such as those with genotype 3 infection and/or cirrhosis.^(^ [^7^](#hep41496-bib-0007){ref-type="ref"}, [^8^](#hep41496-bib-0008){ref-type="ref"} ^)^ Importantly, as NS5A RASs have minimal impact on viral fitness, they may persist for years, perhaps forever.^(^ [^8^](#hep41496-bib-0008){ref-type="ref"}, [^9^](#hep41496-bib-0009){ref-type="ref"} ^)^

There is remarkably little real‐world data on HCV resistance among patients failing modern oral DAA regimens. Such data are crucial to understanding the clinical importance of HCV RASs for disease elimination.^(^ [^10^](#hep41496-bib-0010){ref-type="ref"} ^)^ In March 2016, Australia became the first country to offer universal access of DAAs to all persons infected with HCV, with no restrictions for fibrosis stage or high‐risk behaviors. The Australian Government negotiated a unique volume‐based agreement for unlimited access to HCV drugs,^(^ [^11^](#hep41496-bib-0011){ref-type="ref"} ^)^ the so‐called "Netflix Model."^(^ [^12^](#hep41496-bib-0012){ref-type="ref"} ^)^ Prescribing by community health care providers was encouraged to facilitate treatment scale‐up and provide access for marginalized populations. These open access models are essential to achieve HCV elimination but at the same time increase the likelihood of poor adherence among patient groups who are usually excluded from clinical trials, including those from drug and alcohol and opioid substitution therapy settings.

The introduction of the open access model in Australia led to a massive increase in community‐based DAA prescribing, with approximately 33% of persons with chronic HCV infection receiving treatment by the end of 2018.^(^ [^13^](#hep41496-bib-0013){ref-type="ref"} ^)^ This makes Australia an ideal location to study the impact of DAA treatment on the emergence of resistance under an open access model. Furthermore, Australia has a higher prevalence of genotype 3 infection (\~33%) than most developed countries, broadening the global relevance of our findings.

We found a high prevalence of NS5A resistance among Australian patients failing DAA therapy, particularly among those with genotype 3 infection. Almost all had failed a modern interferon (IFN)‐free DAA regimen containing an NS5A inhibitor. Multiclass drug resistance was common among those failing regimens containing both NS3 and NS5A inhibitors.

Materials and Methods {#hep41496-sec-0002}
=====================

RNA Extraction and Reverse Transcription {#hep41496-sec-0003}
----------------------------------------

Plasma from patients across Australia with detectable HCV RNA in plasma more than 12 weeks after completing DAA therapy was collected, transported, and stored at −80°C at Westmead Hospital, Sydney. Viral RNA extraction was performed using a QiaAMP Viral RNA kit (QIAGEN). Reverse transcription of viral RNA was performed with Superscript II (Thermo Fisher Scientific) to produce complementary DNA according to the manufacturer\'s instructions.

Polymerase Chain Reaction Amplification of NS3, NS5A, and NS5B {#hep41496-sec-0004}
--------------------------------------------------------------

A two‐step polymerase chain reaction (PCR) was performed to amplify NS3, NS5A, and NS5B sequences using primers and protocols derived from our recent systematic review.^(^ [^14^](#hep41496-bib-0014){ref-type="ref"} ^)^ The NS3 and NS5A regions were amplified and sequenced using published protocols.^(^ [^15^](#hep41496-bib-0015){ref-type="ref"}, [^16^](#hep41496-bib-0016){ref-type="ref"} ^)^ The NS5B region was amplified and sequenced using in‐house primers (forward ACCCGCTGYTTYGACTCVAC; reverse GACASGCTGWGATADATGTC). We validated the performance of our PCR assays using Australian Reference Laboratory standards and confirmed NS5A PCR sensitivity of 100% for HCV genotype 1a (10,000 IU/mL), genotype 1b (10,000 IU/mL), and genotype 3a (100,000 IU/mL). Similar sensitivities close to 100% were confirmed for the NS3 and NS5B assays.

Sequencing and Analysis {#hep41496-sec-0005}
-----------------------

Samples were separated on a 1.5% agarose gel, stained with GelRed, and visualized under ultraviolet light. Bands corresponding to the predicted sizes of NS3, NS5A, and NS5B were excised, purified (Wizard SV Gel and PCR Clean‐Up System; Promega Corporation), and submitted for Sanger sequencing to the Australian Genome Research Facility. Sequences were analyzed for the presence of NS5A RASs using ReCALL (<http://pssm.cfenet.ubc.ca/>)^(^ [^17^](#hep41496-bib-0017){ref-type="ref"} ^)^ and NS3 or NS5B RASs using Geno2Pheno\[hcv\].^(^ [^18^](#hep41496-bib-0018){ref-type="ref"} ^)^ Clinically significant RASs were identified based on consensus reports and international guidelines.^(^ [^7^](#hep41496-bib-0007){ref-type="ref"}, [^8^](#hep41496-bib-0008){ref-type="ref"}, [^19^](#hep41496-bib-0019){ref-type="ref"} ^)^

Data Analysis {#hep41496-sec-0006}
-------------

Data on patient demographics, treatment history, and liver fibrosis stage were collected from request forms sent by referring clinicians. Data were analyzed using R and GraphPad Prism v8. Univariate analyses were performed using Fisher\'s exact test or Wilcoxon rank‐sum test as appropriate, with results presented as numbers (%) or mean, respectively; *P* \< 0.05 was considered statistically significant.

Ethics Approval {#hep41496-sec-0007}
---------------

The protocol was approved by the Western Sydney Local Health District Human Research and Ethics Committee (LNR/17/WMEAD/484). Consent was waived due to the low‐risk nature of the project and the large number of sites across the country, many with only 1 or 2 patients. This institutional ethics committee complies with the Declaration of Helsinki.

Results {#hep41496-sec-0008}
=======

Patient Cohort and Characteristics {#hep41496-sec-0009}
----------------------------------

Between January 1, 2017 and June 30, 2019, we analyzed blood samples referred from over 90 centers (representing all states and territories in Australia) from 572 patients who had failed DAA treatment. Based on details of the referring clinician, approximately 75% of samples were referred from hospitals, with the other 25% coming from community providers, sexual health clinics, or prisons.

Based on Australian prescription data, approximately 70,000 people were treated during the time frame of our study,^(^ [^20^](#hep41496-bib-0020){ref-type="ref"} ^)^ with a sustained virologic response rate of approximately 96%.^(^ [^21^](#hep41496-bib-0021){ref-type="ref"} ^)^ Assuming a 4% failure rate, this equates to approximately 2,800 DAA failures, so our cohort of 572 represents approximately 20% of all DAA failures in Australia, a highly representative sample.

Of the patients, 455 were men and 117 were women, with the mean age of men and women being 54.7 and 53.6 years, respectively. Rates of cirrhosis were similar in male patients (41.9%) and female patients (42.6%) (based on transient elastography or liver biopsy). The mean age of male patients with cirrhosis was 57.1 years compared with 50.7 years for those without cirrhosis (*P* \< 0.01) (Table [1](#hep41496-tbl-0001){ref-type="table"}). For female patients, the average ages for those with and without cirrhosis were 59.9 years and 51.5 years, respectively (*P* \< 0.01).

###### 

Summary of Patients Failing DAA Therapy, Including Age and Cirrhosis Status (Where Available)

  Sex      Total   Mean Age (years)   Cirrhosis (%)    Mean Age Cirrhosis (years)   Mean Age Without Cirrhosis (years)
  -------- ------- ------------------ ---------------- ---------------------------- ------------------------------------
  Male     455     53.6               147/351 (41.9)   57.1                         50.7
  Female   117     54.7               40/94 (42.6)     59.9                         51.5

John Wiley & Sons, Ltd

HCV Genotypes {#hep41496-sec-0010}
-------------

The distribution of HCV genotypes among patients failing DAA therapy is summarized in Fig. [1](#hep41496-fig-0001){ref-type="fig"}. Of the 572 patients, 153 (26.7%) were infected with HCV genotype 1a, 34 (5.9%) with genotype 1b, 24 (4.2%) with genotype 2, 343 (60%) with genotype 3, 7 (1.2%) with genotype 4, and 11 (1.9%) with genotype 6.

![Genotype distribution of HCV isolates from patients failing DAA therapy (absolute number for each genotype). Abbreviation: gt, genotype.](HEP4-4-904-g001){#hep41496-fig-0001}

DAA Regimen by HCV Genotype {#hep41496-sec-0011}
---------------------------

For patients who failed DAAs, the regimens used for each genotype are shown in Table [2](#hep41496-tbl-0002){ref-type="table"}. Sofosbuvir/ledipasvir was the most common treatment regimen for genotype 1a, while sofosbuvir + daclatasvir was the most common regimen for genotype 3a. For genotype 2, most patients were treated with sofosbuvir and ribavirin as subsidized daclatasvir was not approved for genotype 2.

###### 

Summary of Previous DAA Treatments by HCV Genotype

  Genotype                              1a    1b   2    3     4   6    Total
  ------------------------------------- ----- ---- ---- ----- --- ---- -------
  Sofosbuvir + daclatasvir              15    3    1    257   0   1    277
  Sofosbuvir/ledipasvir                 94    16   0    22    1   3    136
  Sofosbuvir/velpatasvir                7     1    3    38    0   3    52
  Elbasvir/grazoprevir                  27    1    0    6     4   0    38
  Sofosbuvir + ribavirin                0     0    20   0     0   0    20
  PrOD                                  7     2    0    2     1   2    14
  Glecaprevir/pibrentasvir              1     1    0    4     0   0    6
  Sofosbuvir/velpatasvir/voxilaprevir   0     0    0    2     0   0    2
  Other                                 2     8    0    3     1   1    15
  Unknown                               0     2    0    9     0   1    12
  Total                                 153   34   24   343   7   11   572

John Wiley & Sons, Ltd

RAS Prevalence by HCV Genotype {#hep41496-sec-0012}
------------------------------

Successful sequencing and RAS analysis was achieved in 556/572 (97.0%), 499/572 (87.2%), and 521/572 (91.1%) patients for NS5A, NS3, and NS5B regions, respectively. The majority of patients displayed one or more RASs in the NS5A region of the HCV genome, but the prevalence of RASs in NS3 or NS5B was much lower (Fig. [2](#hep41496-fig-0002){ref-type="fig"}). When calculating RAS prevalence, as the denominator we used the number of patients for whom successful sequencing was available for that gene region.

![Proportion of isolates from each genotype with detectable RASs in (A) NS5A, (B) NS3, or (C) NS5B.](HEP4-4-904-g002){#hep41496-fig-0002}

For NS5A (Fig. [2A](#hep41496-fig-0002){ref-type="fig"}), the prevalence of RASs was 72.5% (108/149) for genotype 1a, 68.8% (22/32) for genotype 1b, 26.1% (6/23) for genotype 2, 79.8% (268/336) for genotype 3, 71% (5/7) for genotype 4, and 36.4% (4/11) for genotype 6. Of note, although most patients failed a DAA combination that included an NS5A inhibitor, 19/23 patients with genotype 2 did not because they had been treated with sofosbuvir (NS5B inhibitor) and ribavirin. Among patients with genotype 2, NS5A RASs were detected in 2/4 (50%) patients who had been exposed to an NS5A inhibitor and 4/19 (21%) in those who had not.

For NS3 (Fig. [2B](#hep41496-fig-0002){ref-type="fig"}), the prevalence of RASs was 21.6% (30/139) for genotype 1a, 12.5% (4/32) for genotype 1b, 5.6% (1/18) for genotype 2, 1.4% (4/287) for genotype 3, 14.3% (1/7) for genotype 4, and 0% (0/8) for genotype 6. For NS5B (Fig. [2C](#hep41496-fig-0002){ref-type="fig"}), the prevalence of RASs was 4.2% (6/142) for genotype 1a and 0.6% (2/309) for genotype 3. NS5B RASs were not detected in other genotype infections.

### NS5A RASs {#hep41496-sec-0013}

RASs in the NS5A region are the most clinically relevant as all modern DAA regimens contain an NS5A inhibitor. NS5A RASs impair response to retreatment with most first‐line DAA regimens.^(^ [^22^](#hep41496-bib-0022){ref-type="ref"} ^)^ Furthermore, they have minimal effect on viral fitness and may persist for months to years after DAA failure, providing potential for transmission of drug‐resistant viruses.^(^ [^8^](#hep41496-bib-0008){ref-type="ref"}, [^23^](#hep41496-bib-0023){ref-type="ref"}, [^24^](#hep41496-bib-0024){ref-type="ref"} ^)^

A full list of NS5A RASs detected among patients with all genotypes is provided in Supporting Table [S1](#hep41496-sup-0001){ref-type="supplementary-material"}. For patients with common genotypes (genotypes 1 or 3), we performed a more detailed analysis of NS5A RASs, summarized in Fig. [3](#hep41496-fig-0003){ref-type="fig"}. Among patients with HCV genotype 1a who failed DAA therapy, 108/149 (72.5%) had RASs detected at residues K24, M28, Q30, L31, H58, or Y93. Sixty‐two patients (42%) with genotype 1a infection had an RAS at a single residue, 37 patients (25%) had RASs at two different residues, 5 patients (3.3%) had RASs at three residues, and 4 (2.7%) had RASs at four residues (Fig. [3A](#hep41496-fig-0003){ref-type="fig"}). Among patients with HCV genotype 1b who failed DAA therapy, 22/32 (68.8%) had RASs detected at residues R30, L31, P58, or Y93. Ten patients with genotype 1b infection (31%) had an RAS at a single residue, 10 patients (31%) had RASs at two different residues, and 2 patients (6.3%) had RASs at three residues (Fig. [3B](#hep41496-fig-0003){ref-type="fig"}).

![Distribution of RASs in patients infected with HCV with (A) genotype 1a, (B) genotype 1b, or (C) genotype 3, who failed DAA therapy, including sites of substitutions. Expected EC50 fold changes for common RASs are included for the most commonly used NS5A inhibitors. Abbreviations: DAC, daclatasvir; LDV, ledipasvir; VEL, velpatasvir.](HEP4-4-904-g003){#hep41496-fig-0003}

Of the 336 patients with HCV genotype 3 who failed DAA therapy and had NS5A sequence data available, 327 had received treatment with an NS5A inhibitor. Overall, 268/336 patients (79.8%) had detectable RASs. Of these, 229 (68%) had an RAS on a single residue, 36 (11%) had RASs on two separate residues, and 3 (0.9%) had RASs on three separate residues (Fig. [3C](#hep41496-fig-0003){ref-type="fig"}). The prevalence of NS5A RASs among patients with genotype 3 who failed sofosbuvir + daclatasvir was 88% (226/257), compared to 55% (21/38) among patients who failed sofosbuvir/velpatasvir. This difference was statistically significant, with an odds ratio of 6 (*P* \< 0.001). All 6 patients with genotype 3 who failed elbasvir/grazoprevir had NS5A RASs, as did the 2 patients who failed paritaprevir/ritonavir/ombitasvir + dasabuvir (PrOD). Two of the 4 patients with genotype 3 who failed pibrentasvir/glecaprevir (50%) had NS5A RASs; 1 had A30K and Y93H, and the other had Y93H in NS5A plus two RASs in NS3 (Y56H, D168R).

Concerning the distribution of RASs, patients with genotype 1 had a wide range of RASs across the NS5A region, while patients with genotype 3 predominantly had substitutions at residue 30 or 93 (Fig. [3C](#hep41496-fig-0003){ref-type="fig"}). For genotype 3, 178/336 patients (53.0%) had a single substitution at residue 93, most of these (175/178) were the Y93H substitution. Patients with genotype 3 were significantly more likely to have a single RAS than those with genotype 1 (*P* \< 0.0001). For the small number of patients with genotype 1b, there was a trend toward multiple RASs compared to genotype 1a, but this was not statistically significant (*P* = 0.35).

### NS3 RASs {#hep41496-sec-0014}

We identified NS3 RASs in 7.8% (39/499) of patients for whom NS3 sequence data were available, mostly in patients with genotype 1 infection (Fig. [2B](#hep41496-fig-0002){ref-type="fig"}). Of the 39 patients with NS3 RASs, 22 (56%) had failed an oral regimen containing an NS3 inhibitor: 7 had failed PrOD, and 15 had failed elbasvir/grazoprevir, including 1 patient who failed sequential treatment with PrOD then elbasvir/grazoprevir. One patient with genotype 3a had failed glecaprevir/pibrentasvir. The range of NS3 RASs for each treatment group is summarized in Table [3](#hep41496-tbl-0003){ref-type="table"}.

###### 

List of NS3 RASs Among People Failing DAAs, Stratified by Exposure to NS3 Inhibitors

  NS3 Inhibitor Naive   PrOD            Elbasvir/ Grazoprevir                                    
  --------------------- --------------- ----------------------- ------------ ------------------- -------------
  L30S                  1               Q80K                    1            V55A                1
  V55A                  1               R155K                   1            Y56F                1
  Y56F                  1               V55A, Q80K              1            Y56H                2
  Q80K                  4               V55A, D168A             1            Q80K                1
  Q80L                  1               Q80K, R155T, D168A      1            D168A               2
  S122G                 4               V36M, Q80K, D168A       1            D168L               1
  D168K                 1               Y56H, S122N, D168V      1            I170V               1
  Q168R                 1                                                    A156T, D168N        1
  I170V                 1                                                    V55A, D168A         1
  T54S, A155K           1                                                    Y56H, D168A         1
  D168H, V170A          1                                                    Y56H, D168V         1
                                                                             V36M, Y56H, D168A   1
                                                                             V55A, Q80K, D168A   1
  Total                 17              Total                   7            Total               15
  RAS Prevalence        17/432 (3.9%)                           7/14 (50%)                       15/43 (35%)

John Wiley & Sons, Ltd

There was an increased rate of NS3 resistance among patients exposed to an oral regimen containing an NS3 inhibitor, with an odds ratio of 13.4 (*P* \< 0.0001). Overall, the prevalence of NS3 RASs was 35% (22/62) among patients who had been exposed to an oral regimen containing an NS3 inhibitor compared with 3.9% (17/437) for patients who had not. For patients with genotype 1a infection, among 33 patients treated with an oral regimen containing an NS3 inhibitor, the prevalence of NS3 RASs was 58% (19/33) compared to 10% (11/106) for those who had not, an odds ratio of 11.7 (*P* \< 0.0001). Comparing regimens, the prevalence of NS3 RASs was 50% (7/14) for patients failing PrOD, 35% (15/43) for patients failing elbasvir/grazoprevir, and 17% (1/6) for patients failing glecaprevir/pibrentasvir.

### NS5B RASs {#hep41496-sec-0015}

Among the 521 patients for whom NS5B data are available, NS5B RASs were detected in 8 patients (1.5%); 6 were in patients with genotype 1a (4% prevalence) and 2 with genotype 3 (1%) (Fig. [2C](#hep41496-fig-0002){ref-type="fig"}).

Among the 14 patients exposed to the non‐nucleotide NS5B inhibitor dasabuvir (in PrOD), 3 (21%) had detectable dasabuvir RASs in NS5B. The first patient had Y561I and S556G substitutions, the second had a single RAS (S556G), while the third patient had N444D and A553X RASs.

There was a single sofosbuvir RAS detected in a patient with genotype 3a who had failed treatment with sofosbuvir and daclatasvir. The clinically significant sofosbuvir RAS S282T was detected 15 weeks after completing treatment but was no longer detectable by Sanger sequencing 12 weeks later. A recent report suggested the common A150V polymorphism and other variants may confer sofosbuvir resistance for genotype 3.^(^ [^25^](#hep41496-bib-0025){ref-type="ref"} ^)^ We did not see a significantly increased frequency of A150V or other listed variants compared to untreated patients in the international Surveillance of Hepatitis‐C Antiviral Resistance, Epidemiology and methoDologies (SHARED) database (data not shown), which includes patients from our cohort.

### Multiclass Resistance {#hep41496-sec-0016}

Of patients who failed all‐oral DAA regimens that contained both an NS3 and NS5A inhibitor, 32% (20/62) had both NS3 and NS5A RASs detected compared with 3.1% (16/510) among those not exposed to both an NS3 and NS5A inhibitor. This demonstrates a dramatically increased risk of multiclass resistance among patients exposed to both NS3 and NS5A inhibitors, with an odds ratio of 14.7 (*P* \< 0.001).

Looking at specific regimens, of the patients failing elbasvir/grazoprevir who had NS3 RASs, 14/15 (93%) also had NS5A RASs. Of the patients who failed PrOD, 7/14 (50%) had NS3 RASs. All these patients had genotype 1a infection, and all but 1 had multiclass resistance. Three patients had multiple RASs in the NS3 and NS5A regions, 1 patient had NS3 and NS5B RASs, and 2 patients had RASs in all three regions targeted by DAAs (NS3, NS5A and NS5B) (Table [4](#hep41496-tbl-0004){ref-type="table"}).

###### 

Multiclass Resistance Among Patients With HCV Genotype 1a Who Failed Treatment With PrOD and Ribavirin

  Treatment 1                  Treatment 2             Genotype   NS3 RAS              NS5A RAS                 NS5B RAS
  ---------------------------- ----------------------- ---------- -------------------- ------------------------ --------------
  PrOD + ribavirin             Sofosbuvir/ledipasvir   1a         Q80K                                          A553D
  PrOD + ribavirin                                     1a         Q80K, R155T, D168A   M28T, Q30H, H58D, Y93H   S556G
  PrOD + ribavirin                                     1a         R155K                                         
  IFN, ribavirin, telaprevir   PrOD + ribavirin        1a         V36M, Q80K, D168A    Q30R                     Y561I, S556G
  PrOD + ribavirin             Elbasvir/grazoprevir    1a         V55A, D168A          Q30R, L31V               
  PrOD + ribavirin                                     1a         V55A, Q80K           H58P                     
  PrOD + ribavirin                                     1a         Y56H, S122N, D168V   Q30H, Y93H               

John Wiley & Sons, Ltd

Among patients with genotype 3 who failed glecaprevir/pibrentasvir, 1 of the 4 had dual‐class resistance with the Y93H RAS in NS5A and two RASs in NS3 (Y56H, D168R). The single patient with genotype 3 infection in whom the sofosbuvir‐specific RAS (S282T) in NS5B was detected also had high level NS5A resistance with the Y93H RAS.

Effect of Cirrhosis on Antiviral Resistance Development {#hep41496-sec-0017}
-------------------------------------------------------

To look for a possible effect of cirrhosis on the development of HCV antiviral resistance, we compared the genotype distribution and number of RASs between patients with or without cirrhosis who had failed DAA therapy. There was no apparent interaction between HCV genotype and cirrhosis for DAA failure. The relative genotype distribution did not differ between patients with or without cirrhosis, for either male (Fig. [4A](#hep41496-fig-0004){ref-type="fig"}) or female (Fig. [4B](#hep41496-fig-0004){ref-type="fig"}) patients. There was no apparent difference in the number of RASs between patients with and without cirrhosis for either male (Fig. [4C](#hep41496-fig-0004){ref-type="fig"}) or female (Fig. [4D](#hep41496-fig-0004){ref-type="fig"}) patients.

![Distribution of HCV genotypes among (A) male patients and (B) female patients failing DAA therapy, stratified by the presence or absence of cirrhosis. Number of RASs in virus isolated from (C) male patients and (D) female patients after failing DAA therapy, stratified by the presence or absence of cirrhosis.](HEP4-4-904-g004){#hep41496-fig-0004}

Discussion {#hep41496-sec-0018}
==========

To achieve global hepatitis C elimination, increased diagnosis, open access to treatment, and streamlined treatment pathways are required.^(^ [^26^](#hep41496-bib-0026){ref-type="ref"} ^)^ High cure rates in the real world have been confirmed for IFN‐free DAA regimens,^(^ [^27^](#hep41496-bib-0027){ref-type="ref"}, [^28^](#hep41496-bib-0028){ref-type="ref"} ^)^ but elimination targets could be compromised by the emergence and transmission of drug‐resistant virus, so surveillance and monitoring of real‐world antiviral resistance trends are crucial.^(^ [^10^](#hep41496-bib-0010){ref-type="ref"}, [^29^](#hep41496-bib-0029){ref-type="ref"} ^)^ In this, the largest real‐world study of patients failing a currently recommended IFN‐free regimen, 525/572 (92%) patients received an NS5A inhibitor, including 58 with one of the new pangenotype regimens, velpatasvir/sofosbuvir or pibrentasvir/glecaprevir. Sixty percent of patients (343/572) had genotype 3 infection, the largest cohort to date of this difficult‐to‐cure genotype. Importantly, our data represent approximately 20% of all patients in Australia failing DAAs, a highly representative sample.

A recent real‐world study by Dietz and colleagues^(^ [^30^](#hep41496-bib-0030){ref-type="ref"} ^)^ included 626 European patients who had failed DAA therapy (73 with genotype 3), but only 376 received an NS5A inhibitor, the rest being treated with sofosbuvir plus either simeprevir (NS3 inhibitor), ribavirin, and/or pegylated IFN. Of note, no patient in that study received either of the new pangenotype regimens.^(^ [^30^](#hep41496-bib-0030){ref-type="ref"} ^)^ The next largest study to date included 197 DAA failures, but only 15 received a DAA regimen containing an NS5A inhibitor.^(^ [^31^](#hep41496-bib-0031){ref-type="ref"} ^)^

We detected NS5A RASs in approximately 72% and 80% of patients who failed therapy with genotype 1 and 3 infections, respectively. Surprisingly, RAS prevalence was lower than in the registration trials. In phase 2/3 trials of ledipasvir/sofosbuvir for HCV genotype 1, the prevalence of RASs among patients who completed 12 to 24 weeks of therapy was 95% to 100%,^(^ [^5^](#hep41496-bib-0005){ref-type="ref"} ^)^ and in the phase 3 trial of sofosbuvir plus daclatasvir for genotype 3, all patients who relapsed had NS5A RASs.^(^ [^6^](#hep41496-bib-0006){ref-type="ref"} ^)^ One explanation for the lower RAS prevalence in real‐world studies is reduced treatment adherence and/or completion because RAS prevalence depends on duration of therapy. In the ledipasvir/sofosbuvir trials, for patients who failed 6, 8, 12, or 24 weeks therapy, the prevalence of NS5A RASs was 37.5%, 66.7%, 94.7%, or 100%, respectively.^(^ [^5^](#hep41496-bib-0005){ref-type="ref"} ^)^ Thus, relapse may be due to inadequate treatment after short courses, while for longer courses, failure was likely due to antiviral resistance. Another explanation for lower RAS prevalence in real‐world studies is that some patients are likely to have been reinfected with wild‐type HCV rather than relapsing with resistant viruses.

This is the first, large, real‐world study examining the prevalence of RASs among patients failing the pangenotype regimen sofosbuvir/velpatasvir. We observed a lower prevalence of NS5A RASs among patients with genotype 3 who failed sofosbuvir/velpatasvir (55%) than sofosbuvir + daclatasvir (88%). This contrasts with results from the sofosbuvir/velpatasvir registration trials in which all patients with genotype 3 (12/12) who failed therapy had NS5A RASs.^(^ [^32^](#hep41496-bib-0032){ref-type="ref"} ^)^ Our results may reflect reduced treatment adherence and/or reinfection in the community for patients taking sofosbuvir/velpatasvir due to its likely higher use among high‐risk patients. Between March 2016 and August 2017, there was a dramatic change in HCV prescribing in Australia, with increased community prescribing; the proportion of DAAs prescribed by specialists fell from 80% to 33%, with a corresponding increase in family practice prescribing, from 8% to 41%.^(^ [^20^](#hep41496-bib-0020){ref-type="ref"} ^)^ In the first 6 months, many patients prescribed DAAs were already engaged with specialist liver clinics and had been waiting for DAA access.^(^ [^33^](#hep41496-bib-0033){ref-type="ref"} ^)^ By the time sofosbuvir/velpatasvir became available, more patients were being prescribed DAAs in the community, with potentially increased risk of poor treatment adherence, premature cessation, and/or reinfection. Previous community treatment studies in Australia confirmed that adherence was lower for patients treated later after DAAs became available compared to "early adopters" who may have been more motivated or adherent to treatment.^(^ [^34^](#hep41496-bib-0034){ref-type="ref"} ^)^ Consistent with this, in our cohort there was a trend toward higher resistance rates in patients referred by community prescribers compared to hospital prescribers, but this did not reach statistical significance. This highlights the importance of monitoring treatment adherence and reinfection rates among high‐risk groups, particularly during treatment scale‐up with open access models.

A prominent finding was the divergence between genotypes 1a and 3a in the NS5A RAS distribution. Patients with genotype 1a failing DAA therapy were more likely to have multiple NS5A RASs, particularly at positions 28, 30, 31, 58, and 93. The relatively high prevalence (12%) of NS5A RASs at position 58 may be clinically significant as H58D confers high‐level resistance to most NS5A inhibitors, including velpatasvir, with possible resistance against pibrentasvir.^(^ [^35^](#hep41496-bib-0035){ref-type="ref"} ^)^ This difference may reflect geographic variations in baseline RAS prevalence as we have previously observed a 4% prevalence of H58 RAS among untreated Australian patients with genotype 1a^(^ [^36^](#hep41496-bib-0036){ref-type="ref"} ^)^ compared to 0%‐2% in global and European patients.^(^ [^16^](#hep41496-bib-0016){ref-type="ref"}, [^37^](#hep41496-bib-0037){ref-type="ref"} ^)^ In contrast to the wide range of RASs for genotype 1a, patients with genotype 3a were more likely to have a single NS5A RAS, with Y93H found in 72%. This is similar to the 66% prevalence in the European study^(^ [^30^](#hep41496-bib-0030){ref-type="ref"} ^)^ and may reflect a relatively high baseline prevalence of Y93H (9%) among patients with genotype 3a who are treatment naive.^(^ [^37^](#hep41496-bib-0037){ref-type="ref"} ^)^ The very high prevalence of Y93H among treatment failures is clinically important as Y93H confers high levels of resistance against most NS5A inhibitors, with a 3,500‐fold reduction in half‐maximal effective concentration (EC50) for daclatasvir and over 700‐fold reduction in EC50 for velpatasvir.^(^ [^38^](#hep41496-bib-0038){ref-type="ref"} ^)^

For patients with genotype 2 infection, the low proportion of NS5A RASs (26%) is not surprising as only 4/24 (16%) were treated with an NS5A inhibitor, the rest receiving sofosbuvir + ribavirin, providing no selective pressure for NS5A RASs. Among patients with genotype 4, NS5A RASs were detected in 71% (5/7), 2 of whom failed elbasvir/grazoprevir, 1 ledipasvir/sofosbuvir, 1 PrOD, and 1 sofosbuvir + ribavirin. The 2 patients without NS5A RASs failed elbasvir/grazoprevir. One patient with genotype 4r who failed elbasvir/grazoprevir had dual‐class resistance, with three NS5A RASs (L28M, L30R, and Y93H) and two NS3 RASs (A156T, D168N). This is similar to the European and Italian studies, where high rates of NS5A resistance were seen among patients with genotype 4 failing DAAs, with dual‐class resistance in patients failing PrOD, but no patients in those studies received elbasvir/grazoprevir.^(^ [^30^](#hep41496-bib-0030){ref-type="ref"}, [^31^](#hep41496-bib-0031){ref-type="ref"} ^)^ For genotype 6, the low prevalence of NS5A RASs (30%) may be due to patients failing suboptimal DAA regimens prescribed following incorrect genotype identification. Laboratory identification of genotype 6 can be difficult, and on early commercial genotype assays, genotype 6 was frequently misidentified as genotype 1b.^(^ [^39^](#hep41496-bib-0039){ref-type="ref"} ^)^ This highlights the importance of considering genotype 6 in patients from endemic countries of South‐East Asia, such as Cambodia and Thailand, to guide appropriate pangenotypic regimens.

An important finding was the high prevalence (33%) of multiclass drug resistance among patients who failed an all‐oral regimen containing both an NS3 and NS5A inhibitor. This is likely an underestimate as data were not available on the timing of samples relative to treatment completion date and RASs in the NS3 region usually become undetectable after several weeks to months due to reduced viral fitness.^(^ [^40^](#hep41496-bib-0040){ref-type="ref"} ^)^ Based on national prescription data, of the \~70,000 patients in Australia treated with IFN‐free DAAs between March 2016 and December 2018, approximately 7,000 (10%) received a regimen containing both an NS3 and NS5A inhibitor (PrOD, 1,000; elbasvir/grazoprevir, 4,000; grazoprevir/pibrentasvir, 2,000).^(^ [^20^](#hep41496-bib-0020){ref-type="ref"} ^)^ Assuming a 96% cure rate based on real‐world Australian data,^(^ [^21^](#hep41496-bib-0021){ref-type="ref"} ^)^ approximately 280 patients (4% of 7,000) would have failed an NS3/NS5A inhibitor regimen, meaning around 93 (33% of 280) are likely to have dual‐class resistance.

The clinical impact of multiclass drug resistance on retreatment outcomes is unclear, but concerning data are starting to emerge. In phase 3 trials, retreatment with glecaprevir (NS3 inhibitor) and pibrentasvir (NS5A inhibitor) cured \>90% of patients who failed a DAA regimen containing either an NS5A or NS3 inhibitor.^(^ [^41^](#hep41496-bib-0041){ref-type="ref"} ^)^ However, cure rates were lower (\~80% overall) for patients previously exposed to both NS3 and NS5A inhibitors and fell to 25% for patients with detectable RASs in both NS3 and NS5A.^(^ [^41^](#hep41496-bib-0041){ref-type="ref"} ^)^ The triple combination of sofosbuvir/velpatasvir/voxilaprevir is highly effective for retreating patients who fail DAA therapy, with cure rates \>95% in phase 3 studies,^(^ [^42^](#hep41496-bib-0042){ref-type="ref"} ^)^ but real‐world studies suggest reduced cure rates in people with genotype 3 infection, cirrhosis, and those who had failed sofosbuvir/velpatasvir.^(^ [^43^](#hep41496-bib-0043){ref-type="ref"}, [^44^](#hep41496-bib-0044){ref-type="ref"} ^)^ In the phase 3 trials, there was no apparent impact of RASs, but only a minority of patients had multiclass resistance and 1 patient with virologic breakthrough on treatment had multiple RASs in NS5A (Q30T, L31M, Y93H) and NS3 (Q80K).^(^ [^42^](#hep41496-bib-0042){ref-type="ref"} ^)^ Thus, further real‐world studies are warranted.

A single patient with genotype 3 had a high level sofosbuvir RAS (S282T). This was detected 15 weeks after completing sofosbuvir + daclatasvir but not 12 weeks later, consistent with the known impact of S282T on viral fitness.^(^ [^8^](#hep41496-bib-0008){ref-type="ref"} ^)^ Of concern, compensatory mutations can restore viral fitness in the context of S282T, providing potential for transmission of sofosbuvir resistance in high‐risk settings. This has been demonstrated *in vitro* for genotypes 3 and 6,^(^ [^45^](#hep41496-bib-0045){ref-type="ref"}, [^46^](#hep41496-bib-0046){ref-type="ref"} ^)^ including a replication‐competent virus that was resistant to all three classes of pangenotype DAAs, pibrentasvir (NS3), velpatasvir (NS5A), and sofosbuvir (NS5B).^(^ [^45^](#hep41496-bib-0045){ref-type="ref"} ^)^ Chronic infection with sofosbuvir‐resistant virus (S282T) has now been confirmed in a high‐risk patient with genotype 4d.^(^ [^47^](#hep41496-bib-0047){ref-type="ref"} ^)^

Global elimination of hepatitis C requires widespread treatment scale‐up and open access to DAAs, strategies that also increase the risk of emergence and transmission of drug‐resistant viruses. The present study confirms a high prevalence of NS5A resistance among people who fail IFN‐free DAA therapy and high rates of multiclass drug resistance in those exposed to both NS3 and NS5A inhibitors. When retreating patients in the community, it can be difficult to obtain an accurate history of prior DAA exposure, so RAS testing may be helpful to guide selection of an appropriate salvage regimen. Another pragmatic approach to reducing multiclass resistance would be to restrict first‐line treatment to regimens containing only NS5A and NS5B inhibitors, reserving NS3 inhibitors for salvage therapy.
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